Abstract. This paper describes a fast photometric stereo method, useful for the determination of surface-topography and reflectance. First we show how the irradiance in two images of a surface, illuminated from the left and right, respectively, can be used to determine the inclination of the surface elements. This requires a model for the light scattering properties of the surface. The model used divides the scattered light into a bulk-scattered, Lambertian part and a surface-scattered, specular part. The specular part is eliminated with the help of crossed polarizers. The inclinations are integrated to give a surface height function with the help of a Wiener filter, which suppresses frequencies with an expected poor signal-to-noise ratio. Profiles measured with this method show good agreement with profiles obtained both with optical and mechanical scanning methods. The standard deviation between surface height measured with the different methods was about 1 m. The ability of this method to study reflectance and topography at the same time makes it suitable for studies of the coupling between print result and surface topography. As an example, a gravure-printed paper surface with missing dots has been studied. It was found that missing dots occur at depressions, or pores, in the surface.
Introduction
It is a common observation that light that is almost parallel to a surface makes the topography visible. For example, surface irregularities in a wall stand out clearly when sunlight falls along it. If the surface is matte with constant reflectance, the intensity pattern is approximately linear with respect to the derivative of the surface along the illumination direction.
A method for calculating shape from shading from a single image was introduced by Horn 1,2 in 1970, but such a calculation requires a known reflectance. Woodham has shown 3 how the gradient and reflectance of a surface can be calculated from three images with different light-source positions. Methods based on the detection of several images are commonly referred to as photometric stereo methods. Although quite a few papers have been published on this subject, 4, 5 we have not yet seen any industrial applications using this very elegant and simple method for topographic measurement.
In the paper and printing industries, it is essential to measure surface roughness, due to its effect on the achievable print quality. The standardized methods use the air leakage from a pressurized cylinder, held against the paper surface, as a roughness measure, 6 but a more detailed characterization of the surface is desirable. Existing methods for detailed topography measurement are usually based on comparatively slow point scanning systems. 7 In this paper, we propose a fast method for calculating topography and reflectance from two images with different light-source positions. This method is then compared with scanning methods, and finally the topography of a gravureprinted surface is compared with the print result.
Theory
The irradiance in two images of a surface, illuminated from the left and right, respectively, are used to determine the inclination ͑partial derivative͒ of the surface elements, in the illumination direction. Integration of the partial derivative then gives a surface height function. In order to relate irradiance to local reflectance and inclination, we need a model for the angular reflection properties of the surface.
A coated paper is here modeled as a medium of refractive index nϭ1.5, containing randomly distributed light scattering particles ͑pigments͒. It is assumed that the position of the light source can be chosen so that all parts of the surface are directly illuminated. The effects of indirect selfillumination, studied, e.g., by Torrance and Sparrow, 8 are assumed to be negligible in our work.
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Light scattering from the surface can be divided into bulk scattering and specular scattering. Using parallel ͑p͒ polarized light for illumination while detecting only the perpendicular ͑s͒ polarized light emitted from the surface can eliminate the specular scattering component.
Irradiance
The irradiance E of an image created by a lens is related to the radiance L of the object by
where d is the lens diameter and b is the distance between the image plane and the second principal plane of the lens, provided that losses in the lens and radial decay of the irradiance can be neglected. We assume that the radiance of the object consists of a bulk-scattered and a surface-reflected part, according to Fig. 1, i. e., LϭL bulk ϩL surf . ͑2͒
Here the surface is illuminated with light polarized parallel to the plane of incidence. The polarization direction of L surf is preserved, while L bulk is depolarized due to multiple scattering and birefringence. Detection of perpendicularpolarized light therefore only includes L bulk . This effect has been utilized, e.g., in the work of Bryntse. 9 We further assume that L bulk is equal in all directions ͑Lambert's law͒:
where M bulk is the radiant exitance of the surface. Normally, for a Lambertian surface, the exitance is assumed to be proportional only to the irradiance of the surface, E s , but the bulk-scattered light must pass the boundary between two materials of different refractive index twice, both on the way into the scattering material and on the way out. Therefore we propose that M bulk should obey Fresnel's laws of reflection:
where T in and T out are respectively the transmittance in and out of the material, and R is an absorption constant. T in and T out are given by
where ␣ is the angle of incidence and ␣Ј and ␤Ј are determined by Snell's law of refraction, sin ␣ϭn sin ␣Ј and sin ␤ϭn sin ␤Ј. If ␥ is the angle between the illumination and the viewing angle ͑see Fig. 2͒ , ␤ is approximately ͑be-cause ␤ and ␥ are not necessarily in the same plane͒ given by ␤ϭ␥Ϫ␣. The irradiance of a surface from a distant light source is
where E Ќ is the irradiance of a surface perpendicular to the light direction. From Eqs. ͑1͒, ͑3͒, ͑4͒, and ͑7͒ we have
where which is also plotted. For a surface f (x,y), with a normal given by n s ϭ͓‫ץ‬ f ‫ץ,‪x‬ץ/‬ f /‫ץ‬y,Ϫ1͔, illuminated with light of direction aϭ͓sin ␥,0,Ϫcos ␥͔, a scalar multiplication of a and n s /͉n s ͉ gives the value of cos ␣:
Reflectance
The sum of two images, E 1 and E 2 , of a surface illuminated with equal intensity E Ќ can be found from Eq. ͑9͒:
where ␣ 1 and ␣ 2 are the incident angles for E 1 and E 2 respectively. If ␥ 2 ϭϪ␥ 1 , Eqs. ͑10͒ and ͑11͒ give:
where the approximation is valid for a surface with small slopes ‫ץ‬ f /‫ץ‬x and ‫ץ‬ f /‫ץ‬y. For a surface illuminated with ␥ 1 ϭϪ␥ 2 ϭ77 deg, with slopes less than 13 deg, a maximum error of 6% is introduced by the approximation.
Hence, the reflectance is given by
. ͑13͒
Partial Derivative
From the same two images, E 1 and E 2 , with ␥ 2 ϭϪ␥ 1 , ‫ץ‬ f /‫ץ‬x can be calculated using Eqs. ͑9͒ and ͑10͒:
where Eq. ͑12͒ justifies the approximation. For ␥ 1 ϭ77 deg, the maximum error in the slope due to the approximation is 1%. Equation ͑14͒ is independent of the reflectance of the surface, which is advantageous when, for instance, partly printed surfaces are being studied.
Integration
Since ‫ץ‬ f /‫ץ‬y is not known, we assume that the mean value of each profile of f (x,y) with constant y is zero, but this is of course not generally valid. An advantage of not using ‫ץ‬ f /‫ץ‬y is that we avoid the ambiguity that is introduced when several integration paths are possible. This integrability problem has been studied, e.g., by Frankot and Chellappa. 10 In the presence of noise n(x,y) in the recorded images and of light spreading in the material, the calculated partial derivative becomes
where * represents a convolution and PSF is the point spread function. Fourier transformation of this expression gives
where u and v are the spatial frequencies of the surface and OTF is the optical transfer function, i.e., the Fourier transform of the PSF. If f (x,y) is assumed to be a sample of a twodimensional stochastic process with known spectral density, it can be shown that the best restoration filter in a least-squared-error sense is a Wiener filter 11 :
where SNR(u,v)ϭW s /W n ϭ͉F(u,v)͉ 2 /͉N(u,v)͉ 2 is the signal-to-noise ratio in the frequency domain and H 1 ϭ2iu OTF(u,v).
The estimated surface function is finally given by the inverse Fourier transformation:
3 Experiment
Experimental Setup
The experimental setup is illustrated in Fig. 4 . The paper sample is illuminated with p-polarized light from the left and from the right consecutively, while a CCD camera detects s-polarized images of the surface. The illumination angles, ␥ 1 ϭϪ␥ 2 , are chosen to maximize contrast, while giving few cast shadows. For the surfaces studied here, an angle ␥ 1 of about 77 deg proved to be suitable. The two images are imported into a Matlab ® software package, where the calculations are carried out. For on-line measurements, a dedicated signal analysis detector or optical Fourier transform 12 could be used instead.
Verification of the Light Scattering Model
The light scattering model was verified with the help of a paper sample attached to a round cylinder. An image of the cylinder, with its axis perpendicular to the illumination direction, is shown in Fig. 5 . The inclination of the cylindrical surface is found as arcsin(x/r), where x is the distance from the cylinder axis and r is its radius ͑5 mm͒. In Fig. 3 ͑Sec. 2.1͒, the average intensity in each column of the image is plotted against x. It is seen that, for small surface inclinations, the experimental results correspond well to the values predicted by Eqs. ͑8͒ and ͑9͒.
Compensation for Uneven Illumination
The light sources in our setup gave light cones rather than collimated light. This affects the incident intensity enough to make compensation absolutely necessary. For a plane sample surface, the intensity is proportional to cos 3 ␥, where ␥ is the angle of incidence. At a small angle of incidence, we can approximate this with a linear function of the horizontal distance x between light source and sample. We therefore divide the detected intensities by aϩbx, where a and b are found from a least-squares fit to the column sum of the gray-scale values in an image of a plane surface of constant reflectance.
Impulse Response
A ray of light incident on a point of the surface is spread, first because of diffusion of light within the paper 13 and then because of nonideal imaging and detection.
The OTF required in the Wiener filter was estimated from an image of an edge ͑Fig. 6͒ printed on a coated paper surface. Differentiation, with respect to x, of the image gave the line spread function ͑LSF͒, which was then Fourier-transformed into the OTF, plotted in Fig. 7 . It was found that the main contribution of the LSF came from light diffusion within the paper and that the OTF could be approximately represented by
where u and v are given in mm Ϫ1 . This implies an exponential decay of the LSF according to
where x is the perpendicular distance to the line, given in micrometers, and C is an arbitrary constant. The derivative ‫ץ‬ f /‫ץ‬x can also be regarded as part of the impulse response, and since differentiation with respect to x in the spatial domain is equivalent to multiplication by 2iu in the frequency domain, the frequency response due to differentiation and OTF becomes
Signal-to-Noise Ratio
An estimate of the noise, n(x,y), was obtained from Eq. ͑14͒, using images E 1 and E 2 that were out of focus. The spectral power distribution of the noise, W n , was found from the Fourier transform of n(x,y). We found that the noise was evenly distributed throughout the frequencies with W n ϭ0.01 ⌬x 2 mm 2 , where ⌬x is the resolution in millimeters in the x direction.
The power spectrum of the signal, W s , was estimated from the Fourier transform F(u,v) of the surface function f (x,y) of a coated paper surface measured with a scanning laser system. The average of W s is shown as a function of u in Fig. 8 , together with a generalization that we found reasonable: W s ϭ4ϫ10 Ϫ6 /(u 2 ϩv 2 ) mm 4 . Note that integration of white noise results in this spectral distribution.
This means that the signal-to-noise ratio is
Results

Measured Profiles
Three surface profile measurements were carried out on two lightweight coated paper samples in three different scales. The lengths of the profiles were 1, 3.5, and 8 mm, and the lateral spatial resolution was 2.2, 10, and 20 m.
In the first and last cases the profile was also measured with a laser scanning system. In the second case, the profile was measured with a mechanical ͑stylus͒ scanning device ͑Perthometer͒. The results are shown in Fig. 9 . Good agreement is seen between the different methods. The standard deviations in height of the surface profile z between the methods were 0.83, 0.83, and 1.1 m, respectively. The coefficients of determination ͑squared correlation coefficients͒ were 0.97, 0.95, and 0.95.
Missing Dots and Topography
The surface height function was determined for a coated board surface with a gravure-printed halftone dot pattern. The printing had failed in some positions, giving missing dots ͓see Fig. 10͑a͔͒ . The measured surface height function is shown in Fig. 10͑b͒ , together with the outlines of the halftone dots. The surface height is coded by gray scale where dark means low and light means high values. Depressions in the surface with a size comparable to the dot size seem to cause missing dots. 
Conclusions and Future Work
Good correlation between profiles measured with our system and profiles measured with ͑slower͒ scanning systems has been found. The measurement on a printed surface confirms that print quality is coupled to the topography of the printed surface, at least for the printing method investigated in this case. Although this is not a new finding, 15, 16 we think that the suggested method could be very valuable as a fast tool both for analyzing the relation between topographic features and print result and for predicting print quality on a specific surface. Plain topography measurements are of course also interesting in many situations, and there is nothing that limits the use of this method to studies of paper and prints.
The proposed method is faster, cheaper, and more variable in scale than most other methods for topographic measurement. The required calculation time, for 512ϫ512 pixel images, is currently about 4 s on a standard 400-MHz PC, but optimization of the software and hardware would surely decrease this significantly. The two necessary images can be captured in a fraction of a second. This should be compared to several hours for mechanical scanning or about 20 min for optical scanning, which is required for obtaining the same number of pixels with other available methods.
Plans include further studies of the coupling between topography and print result and experiments on simulated printing and simulated gloss properties of various kinds of surfaces. 
